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1.	 Reliable	 determination	 of	 organisms	 is	 a	 prerequisite	 to	 explore	 their	 spatial	
and	temporal	occurrence	and	to	study	their	evolution,	ecology,	and	dispersal.	In	
Europe,	Bavaria	(Germany)	provides	an	excellent	study	system	for	research	on	the	














4.	 Twenty‐one	Bavarian	OTUs	 showed	 identical	 sequences	 to	 already	 known	and	
vouchered	accessions,	two	of	which	are	linked	to	type	material,	namely	Palatinus 






K E Y W O R D S
amplicon	sequencing,	dinoflagellates,	distribution,	molecular	phylogenetics,	operational	
taxonomic	unit






organisms.	Recent	 advances	 in	 the	 application	of	 high‐throughput	
sequencing	 (HTS)	to	analyse	the	molecular	diversity	 in	aquatic	en‐
vironments	have	enabled	a	better	understanding	of	the	community	








et	 al.,	 2010),	 revealing	 also	 the	 existence	 of	 seasonal	 variation	 in	
many	phytoplankton	 taxa	 (Tillmann,	Salas,	 Jauffrais,	Hess,	&	Silke,	











point	 that	needs	to	be	worked	out	 rigorously.	There	 is	an	ongoing	
debate	 (Bass	 &	 Boenigk,	 2011;	 Caron,	 2009;	 Foissner,	 2011)	 into	
whether	microbes	 are	 all	 cosmopolitan,	 and	 lack	 distinct	 distribu‐















2011;	 Vernooy	 et	 al.,	 2010),	 but	 also	 for	 various	 microorgan‐
isms	 (Quast	 et	 al.,	 2013)	 such	 as	 fungi,	 diatoms,	 and	 dinophytes	
(Del	 Campo	 et	 al.,	 2018;	 Fourtanier	 &	 Kociolek,	 2009;	 Mordret	
et	al.,	2018;	Peršoh,	2015;	Schoch	et	al.,	2012;	Stern	et	al.,	2012).	















in	 reference	 trees,	 which	 also	 offers	 the	 advantage	 of	 estimating	





In	 comparison	 to	 those	 living	 in	 marine	 environments,	 the	
freshwater	 dinophytes	 are	 relatively	well	 understood.	Currently,	
350	species	are	listed	based	on	morphology	(Mertens,	Rengefors,	
Moestrup,	 &	 Ellegaard,	 2012;	 Moestrup	 &	 Calado,	 2018),	 and	
continuous	 efforts	 to	 revise	 them	 taxonomically	 have	 been	
made	 in	 the	 past	 years	 (Moestrup,	 Lindberg,	 &	 Daugbjerg,	
2009;	 Craveiro,	 Pandeirada,	 Daugbjerg,	 Moestrup,	 &	 Calado,	
2013;	Takano,	Yamaguchi,	 Inouye,	Moestrup,	&	Horiguchi,	2014;	
Kretschmann,	 Filipowicz,	 Owsianny,	 Zinßmeister,	 &	 Gottschling,	
2015;	Kretschmann,	Owsianny,	Žerdoner	Čalasan,	&	Gottschling,	
2018,	to	mention	only	a	few	studies).	This	also	includes	the	gen‐
eration	 of	 reference	 DNA	 sequence	 information	 being	 available	









pears	 rare	 (or	understudied)	 in	 the	 freshwater	habitat.	From	 the	
phylogenetic	perspective,	freshwater	dinophytes	are	a	heteroge‐
neous	 group	 and	 have	 colonised	 their	 habitats	 from	 the	marine	








1920;	 Schrank,	 1802)	 also	 being	 the	 focus	 of	 the	 present	 study.	
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However,	 most	 algae	 inhabiting	 Bavarian	 waters	 are	 presumably	





the	 marine	 environment	 (e.g.	Heterocapsa rotundata,	 which	 is	 un‐
likely	 to	 be	 present	 in	 Bavarian	 freshwater	 habitats).	Morphology	
based	records	of	Bavarian	dinophytes	are	otherwise	rather	sporadic,	
and	only	a	few	species	have	been	reported	so	far	including	common	
Ceratium hirundinella, Gyrodinium	 (≡	 Gymnodinium)	 helveticum,	 and	
Peridinium willei	 (Raeder,	1990;	Schaumburg,	1996;	Siebeck,	1982),	
as	well	as	rarer	species	such	as	Cystodinium cornifax and Gloeodinium 













(basic	 information	 is	 available	 at	 www.lfu.bayern.de/).	 These	 are	
characterised	 by	 a	 broad	 range	 of	 environmental	 conditions	 and	
resource	 levels	 and	 represent	 potential	 habitats	 for	 phytoplank‐









ties	 in	Upper	Bavaria	 (Germany)	 in	April	2017	using	a	plankton	net	
(mesh	size	20	μm).	The	 localities	 included	10	 lakes	 (two	 lakes	were	
sampled	at	two	sites)	and	one	subsidiary	river,	to	cover	standing	and	
flowing	bodies	of	water	as	well	 (Table	1,	Figure	1).	Geographic	co‐







(rRNA)	 operon	V4	 region	 (c.	 410	 bp)	was	 the	 amplification	 target.	
Due	to	polymerase	chain	reaction	 (PCR)	biases	or	PCR	errors	 that	
may	artificially	increase	diversity,	each	PCR	was	performed	in	trip‐





Penzberg,	 Germany).	 Resulting	 PCR	 products	 were	 visualised	 in	
1%	 agarose	 gels	 and	 purified	 using	 AMPure	 XP	 Beads	 (Beckman	
Coulter).	Dual	indices	and	Illumina	sequence	adapters	were	attached	
by	means	of	an	Index	PCR	using	the	Nextera	XT	Index	Kit	(Illumina),	
















could	 be	 found.	 Remaining	 sequences	 were	 filtered	 for	 further	
quality	features	by	vsearch	(v2.3.0;	Rognes,	Flouri,	Nichols,	Quince,	
&	Mahé,	 2016).	 Sequences	were	 discarded	 if	 they	were	 outside	
a	50	bp	 radius	above	or	below	 the	median	 length	of	 the	primer‐
truncated	 amplicon	 (c.	 387	 bp),	 if	 they	 carried	 any	 ambiguity,	 or	
if	the	expected	number	of	miscalled	bases	of	a	sequence	(sum	of	




sample	 files.	About	4	million	 sequences	passed	all	 filtering	 steps	
and	were	used	as	 input	 for	 the	OTU‐clustering,	which	was	done	
using	 the	 tool	Swarm	 (v2.1.8;	Mahé,	Rognes,	Quince,	De	Vargas,	
&	Dunthorn,	2015)	with	default	settings.	The	most	abundant	am‐
plicon	 of	 each	OTU‐cluster	was	 used	 as	 an	OTU	 representative.	
These	 sequences	 were	 annotated	 by	 the	 RDP	 classifier	 (Wang,	
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systematically	representative	set	comprising	241	dinophytes	(plus	





v6.502a	 (Katoh	 &	 Standley,	 2013)	 and	 concatenated	 afterwards.	
The	 aligned	 matrices	 are	 available	 as	 *.nex	 files	 upon	 request.	
Dinophyte	phylogenetic	analyses	were	carried	out	using	maximum	
likelihood	 (ML)	 and	 Bayesian	 approaches,	 as	 described	 in	 detail	
previously	 (Gottschling	 et	 al.,	 2012)	 using	 the	 resources	 available	
from	 the	 CIPRES	 Science	 Gateway	 (Miller,	 Pfeiffer,	 &	 Schwartz,	
2010).	The	Bayesian	analysis	was	performed	using	"MrBayes"	v3.2.6	
(Ronquist	 et	 al.,	 2012,	 freely	 available	 at	 http://mrbay	es.sourc	
eforge.net/downl	oad.php)	 under	 the	 GTR+Γ	 substitution	 model	
and	the	random‐addition‐sequence	method	with	10	replicates.	We	
ran	 two	 independent	 analyses	 of	 four	 chains	 (one	 cold	 and	 three	
heated)	with	20,000,000	generations,	sampled	every	1,000th	cycle,	
with	an	appropriate	burn‐in	 (10%)	as	 inferred	 from	the	evaluation	
of	 the	 trace	 files	 using	Tracer	 v1.5	 (http://tree.bio.ed.ac.uk/softw	
are/	tracer/).	For	 the	ML	calculation,	 the	MPI	version	of	 "RAxML"	
v8.2.4	 (Stamatakis,	 2014,	 freely	 available	 at	 http://www.exeli	xis‐
lab.org/)	was	applied	using	the	GTR+Γ	substitution	model	under	the	
CAT	approximation.	We	determined	the	best‐scoring	ML	tree	and	













In	 the	 plankton	 tow	 samples	 analysed	 using	 light	 microscopy,	 we	
observed	 a	 considerable	 morphological	 diversity	 of	 dinophytes	
(Figures	 2	 and	 3),	 comprising	 about	 10	 different	 species	 and	 2–3	
easily	 distinguishable	 species	 per	 locality.	 It	 included	 photoauto‐





The	 rRNA	 reference	 alignment	 of	 dinophytes	 was	
1,857	+	1,670	+	3,745	bp	long	and	was	composed	of	965	+	839	+	1,963	
parsimony‐informative	 sites	 (51.8%,	 mean	 of	 15.0	 per	 terminal	
taxon)	 and	 5,308	 distinct	 RAxML	 alignment	 patterns.	 Figure	 4	
shows	the	best‐scoring	ML	tree	(−ln	=	232,502.267554),	with	the	
internal	topology	not	fully	resolved.	However,	Dinophyceae	were	
monophyletic	 (99LBS),	 many	 nodes	 were	 statistically	 well	 if	 not	
maximally	supported,	and	a	number	of	lineages	at	high	taxonomic	
F I G U R E  2  Morphological	diversity	of	dinophytes	from	Bavarian	lakes.	(a)	Theca	of	unidentified	dinophyte	(Ammersee	[Herrsching]).	 
(b)	Developmental	stage	of	unidentified	dinophyte	(Lech	at	Apfeldorf).	(c)	Developmental	stage	of	unidentified	dinophyte	(Lech	at	
Apfeldorf).	(d)	Developmental	stage	of	Peridinium cinctum	(Lake	Kochel).	(e)	Theca	of	Pfiesteria‐like	dinophyte	(Riegsee).	(f)	Empty	theca	of	
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level	 such	 as	 Dinophysales	 (100LBS,	 1.00BPP),	 Gonyaulacales,	
Gymnodiniales	(75LBS,	1.00BPP),	Peridiniales,	Prorocentrales	and	
Suessiales	 (91LBS,	 1.00BPP),	 but	 also	Amphidomataceae	 (95LBS,	
1.00BPP),	 Brachidiniaceae	 (97LBS),	 and	 Tovelliaceae	 (82LBS,	
1.00BPP)	were	recognised.	Only	13	of	241	dinophytes	(5.4%)	were	
not	assigned	to	any	of	such	lineages.	At	 least	21	distantly	related	








Large	 amounts	 of	 OTUs	 were	 determined	 as	Apocalathium	 (16.1%),	
Ceratium	(45.2%),	or	Peridinium	(17.7%).	However,	18	OTUs	(9.7%)	were	
assigned	 to	 so	 far	marine	 taxa	 including,	 for	 example,	Blastodinium,	







sequence	 variation.	 All	 respective	OTUs	were	 placed	 in	 one	 of	 the	
established	 species	 Peridinium bipes, Peridinium cinctum, Peridinium 
gatunense,	 or	Peridinium willei,	 each	based	on	 statistical	 support	val‐
ues	 ≥	 75LBS	 and	 .92BPP,	 respectively.	 Twenty‐one	 OTUs	 (11.3%)	
were	 (almost)	 identical	 to	 known	 (reference)	 sequences,	 and	 were	
therefore	 reliably	 assigned	 to,	 for	 example,	 Naiadinium polonicum 
and Theleodinium calcisporum	 from	 the	 Thoracosphaeraceae	 as	 well	

















scarce	 for	protists,	which	are	 too	small	 for	direct	observation	and	
need	microscopic	expertise	for	examination.	However,	the	problem	
is	 recognised,	 and	 considerable	 efforts	 have	 been	 made	 to	 build	




diversity	 is	 largely	 in	 agreement	 with	 previous	 rRNA	 approaches	
(Gu	 et	 al.,	 2013)	 as	 well	 as	 those	 based	 on	 excessive	 transcrip‐
tome	sequence	data	(although	using	a	much	smaller	taxon	sample:	




such	 as	 that	 obtained	 in	 this	 study	 serve	 as	 a	 taxonomic	 scaffold	
for	 the	 systematic	 placement	 of	 newly	 generated	 dinophyte	 se‐
quences,	even	if	they	are	short	as	it	is	in	the	case	of	next‐generation	















from	 the	 freshwater	 environment	 (providing	 also	 some	 new	dino‐
phyte	records	for	Bavaria:	Table	2),	but	also	from	the	marine	realm	
(Elferink	 et	 al.,	 2017;	Wohlrab	 et	 al.,	 2018).	Only	 if	 taxonomically	
curated	and	kept	up	to	date	can	the	rRNA	alignments	also	serve	as	
a	tool	for	placing	other	unknown	protist	environmental	sequences	
into	 the	 Tree	 of	 Life.	 However,	 such	 rRNA‐based	 reference	 data‐
bases	are	still	in	their	infancy	for	most	other	protist	lineages.
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The	most	frequently	encountered	taxa	correspond	to	those	that	
are	known	from	morphological	surveys	 in	Bavaria,	which	comprise	
Apocalathium	 (Mauch	 et	 al.,	 2003;	 Mischke,	 Riedmüller,	 Hoehn,	
Deneke,	 &	 Nixdorf,	 2015;	 Schaumburg,	 1996),	 Ceratium	 (Mauch	
et	al.,	2003;	Raeder,	1990;	Schaumburg,	1996;	Schaumburg	&	Hehl,	
2001),	 and	 Peridinium	 (Fröbrich,	 Mangelsdorf,	 Schauer,	 Streil,	 &	
Wachter,	 1977;	Mauch	 et	 al.,	 2003;	Mischke	 et	 al.,	 2015;	 Raeder,	
1990;	Schaumburg,	1996),	summing‐up	to	almost	80%	of	all	identi‐
fied	OTUs.	Our	sequence‐based	findings	seem	to	support	our	own	
morphological	 confirmations	 in	 the	 samples	 that	we	 have	 investi‐
gated,	 and	 such	 combinatorial	 approaches	 are	 needed	 (Medinger	
et	 al.,	 2010;	 Rimet,	 Vasselon,	 A‐Keszte,	 &	 Bouchez,	 2018;	 Mora	
et	al.,	2019),	as	long	as	the	taxonomic	impediment	and	uncertainty	
with	 taxon	 determination	 continue	 to	 exist.	However,	when	 com‐
paring	 morphological	 and	 genetic	 species	 diversity	 assessments,	





The	 Peridiniaceae	 are	 one	 of	 the	 most	 important	 groups	 of	
freshwater	 dinophytes	 and	 may	 comprise	 about	 a	 dozen	 species	
(Gottschling,	 Kretschmann,	 &	 Žerdoner	 Čalasan,	 2017;	 Moestrup	









species	of	Peridinium	 (at	 least	 as	 long	as	no	cryptic	 speciation	has	
been	documented	in	this	lineage).	Peridinium bipes	exhibits	a	distinct	
morphology,	 but	 our	 approach	 allows	 for	 efficient	 differentiation	




and	 it	 is	 therefore	 not	 always	 possible	 to	 differentiate	 between	
F I G U R E  5  Variation	in	dinophyte	abundances	in	Bavarian	lakes.	Abundance	of	environmental	OTUs	in	the	different	collection	sites,	with	
names	based	on	phylogenetic	placement.	GON,	Gonyaulacales;	GYM,	Gymnodiniales;	PER,	Peridiniales;	SUE,	Suessiales
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species	based	on	one	particular	molecular	locus	(Söhner	et	al.,	2012;	
Žerdoner	Čalasan,	Kretschmann,	 Filipowicz,	 et	 al.,	 2019).	 Because	
of	 the	 large	 heterogeneity	 of	 evolutionary	 rates	 in	 the	 rRNA	 op‐
eron	(Gu	et	al.,	2013;	Saldarriaga	Echavarría,	Taylor,	Cavalier‐Smith,	








cultivated	 in	 our	 laboratories,	 but	 the	 incomplete	 assessment	 of	
freshwater	 dinophytes	 in	 DNA	 reference	 databases	 may	 account	
for	the	ostensible	detection	of	marine	taxa	in	our	samples.	However,	
some	 dinophytes	 have	 colonised	 freshwater	 from	marine	 habitats	
relatively	recently	 (Žerdoner	Čalasan,	Kretschmann,	&	Gottschling,	
2019).	 Furthermore,	 different	 rates	 of	 the	 rRNA	operon	 evolution	








et	al.,	2018)	and	that	all	species,	to	which	OTUs	are	assigned	(i.e.	Peridinium bipes, Peridinium cinctum, Peridinium gatunense, Peridinium willei),	
show	high	LBS	statistical	support	≥	80.	Further	note	that	we	found	OTUs	being	identical	to	known	sequences	of,	for	example,	Naiadinium 
polonicum, Palatinus apiculatus,	and	Theleodinium calcisporum	(the	latter	two	represented	by	type	material)
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may	impact	the	phylogenetic	position	of	certain	reads.	For	instance,	
Gonyaulax clevei	 has	 been	 reported	 from	 German	 lakes	 (Hickel	 &	
Pollhinger,	1986),	but	has	never	been	sequenced.	It	 is	possible	that	
those	 sequences	 once	 gained	will	 group	with	marine	 taxa	 such	 as	
species	of	Lingulodinium.	Moreover,	a	few	organisms	are	physiologi‐
cally	able	to	successfully	overcome	the	physiological	barrier	between	
the	 oceans	 and	 freshwater	 habitats	 (Pokorný,	 2009)	 and	 establish	





in	 freshwater	environments.	Future	 research	should	 rigorously	use	
physical	 specimens	 and	 preferably	 living	 strains.	 Moreover,	 dino‐
phyte	 species	 richness	 in	Bavarian	 lakes	may	 be	 greater	 than	 that	
previously	reported	 in	the	 literature	based	on	our	genetic	analysis.	
Particularly,	the	considerable	number	of	so	far	unknown	Pfiesteria‐





In	 the	 microbial	 world,	 the	 importance	 of	 DNA	 sequences	
linked	 to	 type	 material	 cannot	 be	 overestimated.	 In	 this	 respect,	
our	 approach	 to	 place	 OTUs	 on	 a	 reference	 tree	 using	 curated	
and	 vouchered	 representatives	 has	 been	 proven	 successful	 with	
the	 documentation	 of	 sequences	 identical	 to	 Biecheleria brevisul‐





Usually,	 such	names	are	not	 linked	 to	DNA	sequence	 information,	
but	 the	 application	 of	 epitypification	 has	made	 the	 determination	
of	 such	 species	 unambiguous	 (Kretschmann,	 Žerdoner	 Čalasan,	
Kusber,	&	Gottschling,	2018).	This	strategy	has	not—to	the	best	of	
our	 knowledge—been	 applied	 for	 the	 species	 of	 Ceratium,	 which	
makes	the	determination	of	numerous	OTUs	gained	in	this	study	at	
the	 species	 level	 vague.	Once	 identified,	 strategic	 taxonomic	 clar‐
ifications	of	target	organisms	are	possible	and	may	refer	to	names	










the	 resolution	power	of	 all	 available	HTS	methods,	 as	exemplified	
in	this	study,	always	comes	down	to	the	basic	necessity	of	a	reliable	
application	of	names.
Curated	 contemporary	 reference	 databases	 leave	 further	 room	
for	 improvements.	 For	 example,	 a	 number	 of	 the	 OTU	 sequences	
obtained	 in	 this	 study	 were	 assigned	 to	 Scrippsiella	 by	 the	 SILVA	





this	particular	 taxonomic	 confusion	 is	 corrected	 for	 future	 releases	
of	 the	SILVA	databases,	as	 this	error	has	been	already	corrected	 in	
the	dinoref	database	(Mordret	et	al.,	2018).	The	latter,	in	turn,	relies	
on	 SSU	 reference	 sequence	 data	 only	 and	 is	 therefore	 unable	 to	
place	environmental	OTUs	of	studies	using	LSU	(Elferink	et	al.,	2017)	
and/or	 ITS	 sequences	 (Lutz,	 McCutcheon,	 McQuaid,	 &	 Benning,	






information	and	 taxonomic	 reliability.	 In	 this	 respect,	 the	 indication	
of	 sequences	 that	 have	been	 gained	 from	 type	material	 is	 also	 im‐





Our	approach	to	detect	dinophytes	 in	Bavarian	 lakes	 is	power‐
ful	and	will	lay	the	basis	for	solid	information	on	which	species	are	
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